In this letter, we suggest APMAC (Adaptive Power Control MAC) for wireless ad hoc networks. APMAC is based on the single channel environment and improves the throughput and the energy efficiency simultaneously. Furthermore, the APMAC prevents the unfair channel starvation among the transmission pairs. We verify the performance of the APMAC through simulations. key words: IEEE 802.11 ad hoc networks, power control
Introduction
The IEEE 802.11 MAC adopts DCF (Distributed Coordination Function) based on CSMA/CA (Carrier Sensing Multiple Access/Collision Avoidance) as the shared channel access mechanism. The DCF requires that every node uses the maximum transmission power p max to minimize the hidden nodes problem. However, using p max is inefficient because the transmission pairs with the short distance just need much lower transmission power than p max . The transmission with the lower power in the wireless environment is profitable in terms of not only the energy efficiency but also the throughput improvement due to the increased channel spatial reuse.
In [1] , [2] , the authors suggest the algorithms using the minimum required transmission power for all the packets. However, they have the unfair channel starvation problem among the transmission pairs. In [3] , [4] , the authors suggest the algorithms that every node transmits the RTS (RequestTo-Send) and CTS (Clear-To-Send) with p max while it transmits the DATA and ACK with the minimally required power to avoid the unfair channel starvation. However, since the transmissions of the RTS and CTS with p max reserve the same virtual carrier sensing range as the IEEE 802.11 MAC, they cannot achieve the higher throughput than the IEEE 802.11 MAC. The schemes in [5] , [6] are based on the dual channel environment to improve the network throughput and energy efficiency. However, they require the additional hardware cost. The work of [7] proposes a dynamic transmission power control technique. However, it needs an extra location service to identify the minimally required transmission power.
In this letter, we suggest the APMAC designed for the single channel environment. The APMAC controls the transmission power adaptively so as to improve the throughput and the energy efficiency.
Adaptive Power Control MAC
The IEEE 802.11 MAC uses the maximum fixed transmission power p max regardless of the distance between the transceiver and the receiver. However, if each node transmits packets with the minimally required power for the reliable communication, it is expected to improve the energy efficiency and the channel spatial reuse. However, the use of the minimum transmission power does not always improve the performance. Let us consider the case in Fig. 1 where the dotted circle is the carrier sensing range and the solid circle is the transmission range. In Fig. 1 , there are two flows, one from B to A and the other from C to D. Since B is in the carrier sensing range of C while C is out of the carrier sensing range of B, B not only has disadvantage to access the channel but also cannot be assured of the reception of the ACK from A. This may lead B to starvation of the channel access. Thus, there are two objectives of the APMAC. One is to guarantee the minimally required exclusive channel floor of each node and the other is to achieve SIR tg , the target signal to interference ratio, of each node. To this end, we introduce an additional 1 byte field to the RTS and CTS. In case of the RTS, the current transmission power level of the source is recorded in the new filed. On the other hand, the transmission power level of the source requested by the destination is recorded in the new field of the CTS. The notations used in implementing the APMAC are listed in Table 1 .
In the APMAC, we assume that every node has the same SIR tg and the fixed symmetric channel gain between the source and the destination during a transmission. We also assume that each node maintains the list of the power levels to the neighboring nodes. All the power levels in the list is initialized as p max . Let Q s be determined at the source as shown in Table 2 when the source is waiting the ACK from the destination. Then, whenever the packet transmission succeeds or fails, the source updates its p st as follows:
where ∆ means the predefined increment of the transmission power. Here p urc and p cs at the source are updated as
where w is the weighting factor. As shown in (1), when Q s = 0, 1, or 3, the source determines its p st considering p urc , p cs SIR tg , and p f . First, p urc is for the confirmation of the exclusive channel floor. If the source receives the RTS or CTS from other transmission pairs (hear after, we call RTS or CTS from other transmission pairs as the unintended RTS/CTS) during its transmission, it means that the source is in the transmission range of the neighboring node but the neighboring node is out of the carrier sensing range of the source. Hence, if p st is higher than p urc recorded in the unintended RTS/CTS, the source surely informs its transmission to the neighboring node. Since the topology changes frequently in the wireless ad hoc networks, we use p urc instead of p urc . Second, p cs SIR tg is to guarantee the reception of the CTS and ACK from the destination. If the source receives the undecodable packet during its packet transmission, it means that the source is in the carrier sensing range of the neighboring node but the neighboring node is out of the carrier sensing range of the source. In this case, since the source cannot know how much transmission power is needed to inform its transmission to the neighboring node. Thus, the source request the When Q s = 2, the source does not know how much transmission power is needed to inform its transmission to the neighboring node. However, there is no interference around the source in this case. Thus, the source increases p st by ∆ where ∆ is chosen as a small value to avoid the significant interference to the other transmission pairs.
On the other hand, the destination updates p base and p f whenever it receives the RTS from the source as follows:
Let Q d be determined at the destination as shown in Table 3 . Then, p dt is determined as follows:
where p urc and p cs at the destination are updated as
As shown in (5) is for the successful receptions of the CTS and ACK at the source. Third, p base is the minimum transmission power of the destination considering r th of the source.
Simulations
We present the performance of the APMAC compared with the IEEE 802.11 MAC and the PASA [7] . The PASA in [7] is the adaptive power control scheme for the single channel environment, and it has the same objectives with the AP-MAC. We assume that the 1 Mbps wireless channel without any channel error and each node always has the packets to be transmitted. For the radio propagation, the two-ray ground reflection model [8] is considered as follows: where D sd is the distance between the source and the destination, and c is the channel gain. For the convenience, we assume c = 1. The maximum transmission power is set to 280 mW with the transmission range of 250 m and the carrier sensing range is 500 m. Thus, the receiving threshold and the carrier sensing threshold are 7.168 × 10 −8 mW and 0.448 × 10 −8 mW from (8) . We set SIR threshold and SIR tg to 10 dB. The weighting factor w is set to 0.8. We set the fixed power increment ∆ to 1 mW and the packet size to 512 bytes. We do not consider the mobility. To observe the simulation results under the various situations, we modify the roles of the nodes, the distance between the transmission pairs, and the number of the nodes of the topologies in [7] . In Fig. 2 350 m, 450 m, and 550 m. When D BC is 50 m, it is expected that the network throughput is about 715 kbps through the analysis technique in [10] . Figure 3(a) shows that the network throughput of all the schemes on the topology of Fig. 2 is about 700 kbps when D BC is short. On the other hand, the throughput of the APMAC and the PASA increases more rapidly than that of IEEE 802.11 MAC as D BC becomes long. It means that the APMAC and the PASA control their transmission power properly so that the two communication pairs can transmit the packets simultaneously. In Fig. 3(b) , the throughput of the APMAC is much higher than that of the PASA when D BC is short. This is because the APMAC performs the power control at the destination during the transmission while the PASA does not. The numbers of the delivered bits per Joule are illustrated in Fig. 4 . Since IEEE 802.11 MAC always uses p max , the result of IEEE 802.11 MAC shows lower energy efficiency. Figure 4 also shows that the PASA cannot guarantee the better energy efficiency when D BC is short. On the other hand, the energy efficiency of the AP-MAC is always better than those of IEEE 802.11 MAC and the PASA. This is because the APMAC adjusts the trans- mission power more rapidly and precisely than the PASA by using the explicit information of the newly added field of the RTS and CTS. Figure 5 illustrates the fairness comparison on the topologies in Fig. 2 . If the fairness index [9] is 1, it means that the complete fairness is achieved. Since the topologies in Fig. 2 are simple, three of all the algorithms show the good fairness feature.
In case of the random topology, we set the 1000 m × 1000 m flat area and 50 nodes are randomly distributed. We randomly set 25 disjoint one-hop flows. The simulation results for the 10 different random topologies are shown in Fig. 6 . In Fig. 6 , we know that the APMAC shows the best performance in terms of the throughput, energy efficiency, and fairness. This is because the APMAC uses the explicit feedback of the required power for the reliable transmission and performs the power control not only at the source but also at the destination simultaneously while the IEEE 802.11 MAC and the PASA do not.
Conclusions
This letter proposed APMAC; an effective power control scheme that does not require the existing protocol to be significantly modified. Since the APMAC considers the single channel environment, it does not need any extra hardware. Furthermore, the APMAC can cope with the various topologies by controlling the transmission power at the destination apart from the source. We show that the APMAC achieves the good performance in terms of the throughput and the energy efficiency through the simulations on the various network topologies.
